The application of approximate boundary conditions can often lead to great simplifications to eleceomagnetic problems. Far example, surface impedance boundary conditions are frequently used to model lossy dielectric and finite conductivity bodies, thereby allowing far the remmal of the body from the simulations [I] 
and 6 is the speed oflight in a ~O S S~~J S medium modeled by aand y i.e., 6 ~ (6#)-"* In order to make use of (1) and (2) [61[71) .
There is an interesting special C B S~ for the TE and TM incident waves, i.e. normal incidence. If we let 0, = 0 , then sind, = 0 , ms8, = I , and tan4 = O . Therefore, the convergent faclonalNeumann series should he used to compute the ILHIs [6] . Substituting the above yalues into the convergent factorial-New" series expansion yields
Comparing (10) with (4) Shows that the TE and TM cases yield the same r e~u l t~ for n o m 1 incidence, which is to be expected since the TE and TM polarizations both degenerate 10 the Transverse ElectroMagnetic (TEM) polariation in the case of normal incidence. Furthermore, comparing with [2], we find that (10) is identical to Maloney's r e d t . Considering the late-time discussion in the next Section, we conclude that although Maloney's approximation is only valid for the special case ofnormal incidence, it provides a good approximation for late times. However,
z,M ( I ) = 7 j C ' {S(l) + e"(,)[l, (.7+IO('I,)]).
(la) using (lo) to estimate the early-time response for arbibitrary angles of incidence may result in large errors.
Numerical Results
We first validated the closed-form expressions in ( 5 ) and (6). (I * and 5 The comparison is made against "exact" TCEUIIS, which are obtained by numerical integration of the integral in (6). In all the cases tested, we obtained at least five significant digits of accuracy for our results. The advantage of the ILHI representation is that it is much more efficient computationally than the numerical integration algorithm. For example, to compute 2 , (1) for 6, = 1.2 in Fig. 2 , numerical integration requires approximately 1600 times more CPU time than when using the closed-form ILHI expressions.
Next, the effects of the incidence angle 0, on the TE and TM time-domain surface impedances associated with different perminivities E and different conductivities 0 are investigated, and are shown in Fig. 2 and Fig. 3 , respectively. Fmm Fig. 2 , we see that when 8, is small, the incident angle has a large effect on the surface impedance at early times. This effect decreases with increasing permittivity. Also, as time increases, the surface impedances ofthe TM and TE waves approach the normal incidence response, independent of the incident angle, and the late-time surface impedance is also independent of the permittivity. This behavior is expected, since SubStiNtion of the asymptotic expression far the special function info (4) and ( 5 ) yields Otherwise, the early-time rrspanse for zrbkt) is negative. For the z, =1. 2 case, 6: >e, =50.76".
negative.
For the e, + and 30 FLSSS, I real 8, does not exist. Therefore, the surface impedance is always
In Fig.3 , we see that for different conductivities c , the effects of different incident angles only appear at early times. With increases in the conductivity, this region gets shoner. Thus, Z d f ) and Z&) for different incident angles quickly merge with the normal incidence caje at later times.
IV. Conclusion
We have demanrtrated that the TE and TM time-domain surface impedances can be expressed in terms of modified Bessel functions and ILHls. Use of the series expansions to compuls the ILHls can greatly improve the computational efticiency. The closed-form ~olufion~ provide physical insight into the TE and TM time-domain surface impedances associated with different incident angler and different lossy half space parameters. During early times, the incident angle, the material pmpenies, and the polarization of the incident wave play i m p o m 1 roles. However, at late times, the response of the surface impedance is independent of the incident angle, material permittivity, and the polarization of the wave.
